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Edited by Miguel De la RosaAbstract Molecular dynamics simulations were performed on
both apo and copper forms of the human copper chaperone,
Hah1. Wild-type Hah1 and a methionine (M10) to serine mutant
were investigated. We have evidenced the central role of residue
M10 in stabilizing the hydrophobic core of Hah1 as well as the
internal structure of the metal-binding site. When copper(I) is
bound, the mobility of Hah1 is reduced whereas mutation of
M10 implies a drastic increase of the mobility of apoHah1,
stressing the importance of this highly conserved hydrophobic
residue for copper sequestration by the apoprotein.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The structure of metal-binding sites (MBSs) of proteins of-
ten results from a subtle interplay between opposite inﬂuences:
the metal ion has to remain tightly bound to the protein while
protein activities, like redox reactions or metal ion delivery, re-
quire local or more extended dynamical changes of the metal
binding pocket so as to be able to fulﬁl protein functions.
Thus, a delicate balance between rigidity and ﬂexibility must
be taken into account when designing de novo proteins or pep-
tides with high metal binding selectivity [1]. The design of pep-
tides to mimic spectroscopic and redox properties of the blue
copper protein plastocyanin [2] also emphasized the role of
the protein matrix in protecting the Cu binding site from sol-
vent or from exogenous competitive chelating agents. In the
case of carbonic anhydrase [3], the zinc binding speciﬁcity
was reported to be strongly dependent on the stabilization of
the structure of the MBS by highly conserved hydrophobic res-
idues in its surroundings. Actually, a common feature of a
large majority of metalloproteins lies in the fact that hydro-
philic metal ligands are caged up within a shell of hydrophobic
groups [4].Abbreviations:WT, wild-type; bbRMSD, backbone atom position root
mean square deviation; RMSF, root mean square ﬂuctuations; RSA,
relative solvent accessibility; HC, hydrophobic core; MBS, metal-bin-
ding site
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doi:10.1016/j.febslet.2005.08.052The Hah1 metallochaperone is a key protein implicated in
copper homeostasis in human cells. As copper(I) is highly
toxic, cells have developed complex machineries to sequester
copper after its entrance in the cytosol. Hah1 uptakes a
Cu(I) ion which is then delivered through a direct interaction
with two copper P-type ATPases, the Wilson (Wnd) and Men-
kes (Mnk) proteins, located in the trans Golgi network [5,6].
Binding of copper(I) by Hah1, Wnd and Mnk involves a com-
mon metal-binding motif MXCXXC, highly conserved in var-
ious prokaryotic and eukaryotic copper chaperones and
copper transporters [7]. The solution structures of the apo
and Cu(I)-loaded forms of Hah1 which have been character-
ized by NMR spectroscopy [8], show a classical ferrodoxin-like
babbab folding pattern (see Fig. 1), also found in crystal and
solution structures of Atx1 and CopZ, the respective yeast
and bacteria homologs of Hah1 [9–12]. In Hah1, the Cu(I) me-
tal ion is bound in a linear geometry by the sulfur atoms of the
two cysteines (C12 and C15) from the MXCXXC consensus
sequence located between b1 and a1 [13]. The methionine in
this motif is highly conserved and sometimes replaced by an-
other hydrophobic residue (I, L or V) in some bacterial copper
chaperones. It is always found quite buried and diving into the
hydrophobic core (HC). No involvement of the methionine
thioether group in metal ligation has been observed for copper
chaperones [10,14].
In Atx1 and CopZ, residues of the metal-binding loop be-
come more solvent-exposed when copper is bound, except
for the second metal-binding cysteine which remains relatively
buried [10,15]. These observations raise the question of the sol-
vent exposure of the liganding cysteines and of the role of
highly conserved hydrophobic residues in copper uptake [7].
Unfortunately, experimental data probing the role of the HC
of metallochaperones are scarce and in most cases, only the
protein structures are available. Here, we report the results
of a series of molecular dynamics simulations performed on
both apo and Cu-loaded forms of the wild-type Hah1
(Hah1WT) and of a single-site mutant M10S. Replacement of
a methionine by a polar residue allows a quantitative estima-
tion of the importance of hydrophobic interactions in stabiliz-
ing the HC.2. Materials and methods
The NMR structures of apo and Cu(I)-bound Hah1 were obtained
from the Protein Data Bank (PDB entries 1TL5 and 1TL4, respec-
tively). The ﬁrst of each set of solution structures of both forms of
Hah1 was used as starting conformation for the molecular dynamicsblished by Elsevier B.V. All rights reserved.
Fig. 1. Energy-minimized average structure of CuHah1WT. HC
residues are represented and labelled. Cysteines 12 and 15 and the
copper(I) ion are highlighted in loop 1 (L1) and helix a1. The
secondary structure elements a1 and a2 are labelled. Residue M10 is
represented in black.
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water molecules inside an orthorhombic box. Water molecules with
oxygen atom closer than 2.4 A˚ to any protein heavy atom were deleted.
A sodium counterion was added to the solvated CuHah1 to keep the
system electrically neutral. The system was then energy-minimized
and equilibrated for 30 ps at 1 atm and 300 K with periodic boundary
conditions and using the Particle Mesh Ewald method for long-range
electrostatic interactions. Langevin dynamics and Langevin piston
were used to keep temperature and pressure constant, with a friction
coeﬃcient of 3 ps1 for all protein non-hydrogen atoms. The protein
heavy atoms were ﬁrst constrained with a harmonic force constant
of 1 kcal mol1 A˚2 for 5 ps. Then the force constant was decreased
to zero in steps of 0.2 kcal mol1 A˚2 every 5 ps. After the 30 ps equil-
ibration, the temperature of the system was kept at 300 K by a Nose´-
Hoover thermostat and the pressure was maintained around 1 atm
with a Langevin piston.
All the simulations were carried out with the CHARMM force ﬁeld
[16] using an orthorhombic cell where only the largest box dimension
(a) was allowed to vary with time (NPAT ensemble). All bonds involv-
ing hydrogens were constrained to their equilibrium value with the
SHAKE algorithm. The simulations were run until the total and po-
tential energy terms, the crystal dimension a and the backbone atom
position root mean square deviation (bbRMSD) to the mean structure
were stable over 5 ns. 4 models of Hah1 were built and simulated:
Hah1WT, and the M10S mutant (Hah1M10S) in both the apo and
Cu(I)-loaded forms. Initial coordinates of the mutants were taken from
the last conformations obtained after MD simulations of Hah1WT for
both apo and holo forms. Sidechain atoms of S10 were generated in
standard orientation using internal coordinates.
Parameters for Cu(I) bound to the thiolate Sc atoms of the metal-
binding cysteines were derived from ab initio calculations. 1 In this
model, Cu(I) is covalently bound to sulfurs in a bicoordinated linear
geometry. Due to an important charge transfer between the soft metal
ion Cu+ and S donors, Cu bears a charge of 0.15 and S a charge of
0.60. Equilibrium values for Cu–S distance and S–Cu–S angle are
2.13 A˚ and 180, respectively.1 To be published: Fuchs, J.F., Poger, D., Nedev, H., Ferrand, M.,
Dognon, J.-P. and Crouzy, S. New model potentials for sulfur–
copper(I) and sulfur–mercury(II) interactions in proteins: from ab
initio to molecular dynamics.All the calculations (RMSD, root mean square ﬂuctuations
(RMSF), solvent accessibilities and energy analyses) were performed
over the 5 ns production simulations for all the systems.3. Results and discussion
3.1. ApoHah1WT and CuHah1WT
Diﬀerent equilibration times were necessary for the 4 models
before the bbRMSD relative to the respective mean structure
of each MD simulation was stable. Time-evolutions of the
bbRMSDs are shown in Fig. 2 for apo- and holoHah1WT.
The bbRMSDs slowly decrease during equilibration and then
ﬂuctuate around mean values, 0.9 A˚ ± 0.1 and 0.7 A˚ ± 0.1 for
apo- and CuHah1WT, respectively. They are quite low, indicat-
ing no major conformational change during the production
simulations. The bbRMSDs with respect to the initial NMR
conformations are 1.7 A˚ ± 0.1 and 1.8 A˚ ± 0.1 for apo- and
holoHah1WT, respectively. ApoHah1WT was equilibrated after
2 ns while CuHah1WT needed 5 ns to be stable. The total and
potential energy terms and the unit cell dimension a were sta-
ble (less than 0.5% ﬂuctuations around the mean for both apo
and Cu forms) during the 5 ns production simulations (data
not shown).
The Ca atoms RMSF
2 are plotted in Fig. 3 for apo- and Cu-
Hah1WT. Logically, the residues in the a- and b-folded regions
are the least mobile, with mean RMSF around 0.5 A˚ in both
forms. More importantly, a global reduced mobility of the res-
idues in the Cu form is clearly visible in the loops compared to
the apo form, notably for residues in and around the MBS, in
agreement with NMR results [8], with a maximum reduction of
the ﬂuctuations around 2 A˚ for cysteine 12. The same results
were previously reported from the bbRMSD per residue calcu-
lated within each family of conformers of the NMR resolved
Atx1 [10] and CopZ [12,15] which show sizable diﬀerences be-
tween the apo- and holoproteins. Moreover, due to the high
ﬂexibility of loop 1 (between b1 and a1), some of these residues
were not assigned by NMR in apoAtx1 [10], apoCopZ [15],
apoHah1 [8] and in the apo form of the fourth metal-binding
domain of Mnk [17]. Although NMR measurements and
MD simulations generally reﬂect dynamical properties of pro-
teins in the same picosecond to sub-microsecond timescales,
the line broadening observed in R2 (see [8], Fig. 3), in the re-
gion of residues 11–14, is very probably due to conformational
averaging occurring on time scales much longer than nanosec-
onds and thus impossible to reproduce using MD simulations.
In apoHah1WT, metal-binding residue C12 (RMSF =
2.58 A˚) is more mobile than C15 (RMSF = 1.03 A˚). In
CuHah1WT, both cysteines show restricted motions
(RMSFC12 = 0.68 A˚ and RMSFC15 = 0.15 A˚). This diﬀerent
behaviour of the metal-binding cysteines was also shown by
NMR for apoCopZ [15], CuCopZ [12], Atx1[10] and Hah1
[8], where the ﬁrst cysteine residue was found more mobile
than the second one. The former always belongs to loop 1
which exhibits the largest dynamical change from apo to holo
forms.2 RMSF for a given Ca atom is expressed as: RMSF ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
PN
k¼1ðxk  xÞ2
q
, with N the total number of conformations, xk
the position vector of the Ca atom in conformation k and x its average
position vector over the N conformations.
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Fig. 3. Ca atom position RMSF of apo- (squares and solid line) and
CuHah1WT (circles and dashes). The locations of a-helices, b-strands
and of the MBS are indicated. HC residues are represented as ﬁlled
symbols.
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Fig. 4. Van der Waals interaction energy between residue M10 and the
other residues of apo- and CuHah1WT. Van der Waals contacts
represent the major contribution to non-bonded interactions for
hydrophobic residues. HC residues are represented as ﬁlled symbols.
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Fig. 2. Time-evolutions of the backbone atom coordinate RMSDs of
apo- (A) and CuHah1WT (B). bbRMSDs were calculated with respect
to the average structure computed over the production phase.
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Cu(I) binding as previously evidenced [8]. This is highlighted
by the bbRMSDs between the energy-minimized, time-aver-
aged structure of apo- and CuHah1WT which is 1.14 A˚ (all res-
idues) and 0.97 A˚ when residues 10–15 are excluded. The mainstructural change concerns residues G13 and G14 which are
unstructured in the apo form (loop 1) and become part of helix
a1. For the NMR conformations, used as initial coordinates in
this work, this result was not observed but the same reduction
in the size of a1 by 2 residues was seen in both the NMR struc-
tures of the apo forms of Atx1 and MerP [10,18].
Copper binding does not change the protein structure, nor
does it change residues buried in the HC of the protein. The
residues deﬁned as having a relative solvent accessibilities
(RSAs) [19] of sidechains below 10% are H4, L55, V62, F6,
V8, M10, V19, L23, V29, I33, V40, I42 and L51, the ten last
being highly conserved hydrophobic residues among metallo-
chaperones [8] (see Fig. 1 for their location in the protein).
HC residues show restricted motion with mean RMSF of
0.6 A˚, and adopt close structural arrangements in the apo-
and CuHah1WT structures (average RMSDs of 0.6 and 0.7 A˚
in apo- and CuHah1WT, respectively) with very similar confor-
mations.
In CuHah1, C15 displays an increased RSA (RSA = 16.5%)
compared to apoHah1 (RSA < 10%) while C12 remains very
solvent-exposed (RSA > 60% in both apo and Cu forms).
The same trend has been observed in Atx1, MerP and CopZ
for the two cysteines in the presence or absence of metal
[15]. Hah1 simulations show that the RSA of C12 is larger
than for Atx1 (21%) and MerP (15%) [15], and that C15 is
more solvent-exposed in apoAtx1 (25%) than in Hah1 and in
CopZ or MerP [15] where it is always buried.
M10 is completely buried in both apo- and holoHah1WT
(RSA < 3%), as previously shown by NMR for Atx1 [10]
and unlike CuCopZ where its methionine is entirely solvent-ex-
posed [14]. From its van der Waals interaction energy with
other residues (Fig. 4), we observe that M10 mainly interacts
with HC residues (V8, V19, I33 and V40) and, with residues
L35 and K38 in loop 3 (between b2 and b3), as previously evi-
denced by NMR [8]. Despite the local rearrangement of C15 in
CuHah1WT, M10 and C15 still strongly interact with each
other.
3.2. M10S mutant of apoHah1 and CuHah1
Residue M10 seems to be involved both in the MBS and in
the HC by interacting with C15 and with some HC residues.
Table 1
Backbone atom coordinate RMSDs between the energy-minimized
mean structures of Hah1WT (apo or holo) and Hah1M10S
Mutant apoHah1 CuHah1
All 10–15 All 10–15
M10S 2.80 5.14 1.52 0.15
RMSDs are computed over all the residues or over residues 10–15
only. Values in A˚.
5290 D. Poger et al. / FEBS Letters 579 (2005) 5287–5292Furthermore, it is a highly conserved residue among all metal-
lochaperones that appears in the consensus metal-binding se-
quence MXCXXC, and its mutation should alter the
properties of apo- and holoHah1. Indeed, we show in
Fig. 5A that the overall mobility of the Ca atoms in apoHah1
is increased when M10 is mutated into S. An increase in mobil-
ity is visible for almost all residues and the eﬀect of the muta-
tion is even ampliﬁed in the Cu-loaded form, particularly in the
MBS and loop 3 which remain highly ﬂexible compared to Cu-
Hah1WT, with an RMSF diﬀerence between M10S and WT
CuHah1 up to 2.13 A˚ for G13.
In the presence of copper, average structures of the mutant
and WT proteins are relatively close to each other (Table 1)
with RSMD around 1.5 A˚ and almost superimposed in the
MBS region of CuHah1WT with RMSD below 0.2 A˚. More
interestingly, in the apo forms, average structures show larger
diﬀerences with a RMSD of 2.8 A˚ for the M10S mutant (5.1 A˚
for the MBS) (Fig. 6). The increased mobility of the mutant in
the apo forms is accompanied by a large increase in bbRMSD
between the apo and holo average structures. A value of
2.68 A˚ is found for Hah1M10S compared to only 0.97 A˚ for
Hah1WT. The loss of rigidity of the apoprotein therefore ap-
pears to be distributed on the whole structure.–0.5
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Fig. 5. Ca atom position RMSF diﬀerence (DRMSF). (A)
DRMSF = RMSFM10S  RMSFWT, for apo (squares and solid line)
and holo (circles and dashes) forms. (B) DRMSF = RMSFCu 
RMSFapo, for WT (squares and solid line) and M10S (circles and
dashes) Hah1. HC residues are represented as ﬁlled symbols.
Fig. 6. Superimposition of the apo forms of WT (in grey) and M10S
(in black) Hah1. HC residues are represented. Residues M10, S10 and
the secondary structure elements a1 and a2 are labelled.However, the dynamical eﬀect due to Cu binding remains lo-
cal as seen in Fig. 5B. There is no clear eﬀect of metal binding
in Hah1M10S. Contrary to what might be expected, an in-
creased mobility is observed for some residues like G13 and
G14 in a1. This is due to a global weakening of the ﬁrst back-
bone atoms H-bonds in a1 (namely H-bonds O
G13–NE17,
OG14–NA18 and OC15–NV19) allowing these glycines to be more
mobile than in the WT form. In the mutant, the mobility of
cysteines around the copper ion is itself high with RMSF of
2.64 and 1.51 A˚ for C12 and C15, respectively. Cu binding also
changes the dynamics of residue 10: its mobility is higher in
both apo (RMSF = 1.7 A˚) and Cu (RMSF = 1.2 A˚) forms of
Hah1M10S than in Hah1WT (RMSF of 0.9 and 0.5 A˚, respec-
tively). Similarly, solvent-exposure of residue 10 is increased
in the mutant with RSA around 10% both in the apo and holo
forms. Contrary to C12 which remains very solvent-exposed
(RSA > 60%), the solvent exposure of C15 is larger in
Hah1M10S than in Hah1WT in the absence (RSA = 17%) and
presence (26%) of Cu(I).
HC residues show slight changes between WT and the M10
mutant proteins with or without bound copper. In the apo
forms, I33 becomes more solvent-exposed with an RSA
increasing from 5% (WT) to 35% (M10S). On the other hand,
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Fig. 7. Van der Waals interaction energy between residue S10 and the
other residues of apo- and CuHah1M10S. HC residues are represented
as ﬁlled symbols.
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to 3.8% (M10S).
The diﬀerent behaviour of residue 10 in WT and mutant pro-
tein correlates to a change in its van der Waals interactions
with other residues (Fig. 7). Weak interactions with V8 and
C12 exist both in the apo and holo mutants while S10 exhibits
interactions with C15 only in the Cu mutant. Interactions with
L35 and K38 are enhanced upon metal binding but remain of
lower magnitudes than in Hah1WT, contrary to the interaction
with K60 that exists only in the apo form. This indicates a
weakening in the interaction network of residue 10 with the
MBS, loop 3 and the HC after the mutation. The role of
M10 is also highlighted in Table 2 through the measure
of its contribution to the van der Waals stabilization energy
of the HC: it drops from about 20% (4.5/23.9) in apoHah1WT
down to 4% in the mutant.4. Conclusion
Metallochaperones and target ATPase metal-binding do-
mains share highly conserved hydrophobic residues, gener-
ally buried and in register in sequence alignments. Several
contacts between HC residues are highly conserved among
metallochaperones. The HC stabilizes the protein fold and
can favour interactions within the metal-binding region [7].
The HC Met residue of the MXCXXC consensus sequence
has been shown to be associated to a conformational rear-
rangement of the MBS, and loops 3 (L3) and 5 (L5 between
a2 and b4) upon Cu binding. In the second metal-binding
domain of Mnk, this Met packs against L38 (from L3)Table 2
Van der Waals interactions in the HC of apoHah1 (WT and mutants)
calculated either between all the HC residues (a), or between residue 10
and the other HC residues (b)
Interaction type WT M10S
HC–HCa 23.9 ± 4.0 17.0 ± 5.1
Residue 10–HCb 4.5 ± 1.0 0.9 ± 0.4
HC residues used in the calculations are: F6, V8, M10, V19, L23, V29,
I33, V40, I42, L51. Values in kcal mol1.and F66 (from L5) [20] and in Atx1 against L40 (from
L3) and K65 (from L5) [10].
In this work, we have demonstrated that M10 strongly inter-
acts with L3 in apoHah1 through residues L35 and K38. The
low mobility of the HC and the tight interactions between its
residues and M10, maintain the long hydrophobic sidechain
of the methionine in a position to act like a hook between
the HC and the MBS. After copper binding, the mobility of
the residues in Hah1 is strongly reduced but this binding only
implies a local rearrangement of the residues in the MBS. A
mutation of the pivot residue M10 to Ser has important eﬀects:
the interaction networks within the MBS and the HC are dee-
ply perturbed, so that the common features evidenced in the
superfamily of metallochaperones (structure, dynamics and
interactions) are partially lost in both apo- and CuHah1M10S.
The ﬂexibility of the HC remains higher in the copper-bound
mutant than in the WT. Globally, our results indicate that
M10 is probably essential for protein rigidity and to position
the cysteines in a conformation suitable for copper uptake.
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